Lord Kelvin with his discovery of the anisotropic magnetoresistance (AMR) phenomenon 1 
10,11,12
Our work emerges from the combination of three recently proposed areas of research in relativistic physics phenomena, nanostructure fabrication, and spintronics technologies. The first one is represented by large and bistable magnetoresistance signals that have been observed in tunneling devices with a nano-scale AFM metal film of IrMn on one side and a non-magnetic metal on the other side of the tunnel barrier. 10, 11, 12 The work has experimentally demonstrated the feasibility of a spintronic concept in which the electronic device characteristics are governed by an AFM. It has been shown that the thin-film AFM moments can be manipulated via an exchange coupled FM 10, 12 and that the AFM magnetoresistance effect can persist in these devices to room temperature. 13 Without the auxiliary FM, AFM-based spintronics elements may offer unprecedented opportunities for dense and robust non-volatile storage of information because of the lack of magnetic stray fields 3 of compensated-moment AFMs and by utilizing the relative insensitivity of the materials in the AFM ordered state to external magnetic fields.
14,15
The second root is based on the recognition that there are fundamental physical limitations for metallic magnets which may make them impractical to realize the full potential of spintronics. In particular, metals are unsuitable for transistor and information processing applications or for photonics. The synthesis of semiconductors with robust FM ordering of spins, which would simultaneously enable the conventional tunability of electronic properties, remains a significant challenge. 16 AFM ordering occurs much more frequently in nature than FM ordering, particularly in conjunction with semiconducting behavior. 17, 18 Recently, it has been demonstrated that high Néel temperature AFM counterparts of the conventional compound semiconductors can be prepared in thin epitaxial films and heterostructures, opening the prospect for AFM semiconductor based microdevices.4
The third root of our work is the recent discovery of the unconventional Mott insulating state induced by the relativistic spin-orbit coupling and AFM order in SIO, 3, 6, 7 and the demonstration of tunable semiconducting properties of thin epitaxial SIO films.8 ,9
The entangled semiconducting electronic structure and magnetic ordering suggest that electron transport and magnetic state might be strongly coupled in SIO. This is reminiscent of the excitement that has driven the research field of FM semiconductors in which such a coupling originates from the carrier-mediated nature of the ferromagnetic order. 16 Finally, the strong spin-orbit coupling ties SIO with the proposed concept of spintronics based on the relativistic anisotropic magnetotransport phenomena. The common characteristics of these effects are that they are an even function of the microscopic magnetic moment vector which makes them equally well present in spin-orbit coupled AFMs as in FMs. 20 We have previously prepared high-quality SIO epilayers on SrTiO 3 (STO) substrates using pulsed laser deposition assisted by reflection high-energy electron diffraction (RHEED).8 The SIO films show activated, temperature dependent transport corresponding to a semiconductor with a band gap of 10's to 100's meV, depending on the lattice mismatch-induced strain in the SIO epilayer.8 ,9 Apart from temperature and epitaxial strain, strong variations in the resistivity of these SIO films can be induced by doping or electrostatic gating. 21 In 4 this work we show that SIO displays the spin-orbit coupling induced AMR, opening the route towards the development of spintronic devices in the remarkable family of these AFM Mott semiconductors. We report sizable AMR signals in a geometry in which the angle of the AFM moments is fixed with respect to the current direction and varies only relative to the crystal axes. In conventional FM metals, this geometry yields typically weak AMR signals which points to new physics and device concepts that the oxide AFM semiconductors may introduce into the field of spintronics.
To The detected splitting of the zero-field-cooled and field-cooled magnetization curves below T* is consistent with the canted AFM ground state of SIO.3 The Néel temperature T N ~ T* is smaller than the bulk value (240 K) which is expected for an ultrathin AFM film, in our case with less than three unit cells along the c-axis.
In Fig. 1a we depict the electrical measurement geometries used in our transport experiments. In the first geometry, one electrode (1) is attached on the free SIO surface and electrical current I is driven vertically through SIO and then laterally through LSMO along the [100] axis between the contact (1) and the side contact (4). We also performed control measurements in a lateral geometry in which current is driven only laterally between the 5 side contacts (4) and (5) and voltage is measured between additional lateral contacts (2) and (3) attached to LSMO (see Supplementary Information for further details).
In Fig. 1d we compare the temperature-dependent transport characteristics of our device measured in the lateral LSMO geometry and in the vertical SIO -lateral LSMO geometry. While in both cases the current-voltage (I-V) characteristics remain Ohmic in the entire temperature range from room temperature to 4.2 K (4.2 K data are shown in the inset of Fig. 1d ), the temperature dependence of the resistivity is vastly different in the two configurations. The data confirm metallic conduction through LSMO and semiconducting transport in SIO.
The central result of our work is shown in Fig. 1b . At sufficiently low temperatures (4.2 K in Fig. 1b) , we apply an external in-plane magnetic field of amplitude 350 mT at angles θ 1 = 45° and θ 2 = 135° measured from the
[100] axis, as defined in Fig. 1a . Note that the field is much smaller than typical AFM exchange fields in AFM oxides with super-exchange induced magnetic order 17 and larger than the LSMO coercivity which is approximately 5 mT at 4.2 K. For the two angles θ 1 and θ 2 , we observe two distinct and switchable resistance states when current is driven through the SIO/LSMO stack and temperature is sufficiently low so that the vertical transport path across the SIO semiconductor-AFM dominates the resistance. In the following, we discuss in detail the phenomenology and the origin of the detected AMR in our AFM semiconductor.
In Figs. 2a-f we compare field-rotation AMR data at  =100 mT as a function of temperature detected in the two measurement configurations (see sketches in Fig. 2 ). At higher temperature and for the lateral LSMO transport geometry (Fig. 2d) , we observe the typical Ohmic AMR = [R() -R(0)]/R(0) of a FM material. 22 In a rotating inplane magnetic field of strength larger than the coercive field, the FM magnetic moment m follows B. In the lateral transport geometry this implies that the in-plane angle  between m and the electrical current I//[100] vary which results in the observed AMR signal proportional to sin(2). The observation that the resistance for I // m is smaller than for I m is in agreement with previous reports on AMR in LSMO. 23 Since at low temperature LSMO is a metal with a weak temperature dependence of its resistivity, the lateral AMR signal of LSMO is also only weakly temperature dependent (Figs. 2d-e) . The observed small departure from the smooth cos(2) angular 6 dependence at low temperatures is caused by an enhanced coercivity of LSMO when decreasing temperature (see . 2a ) when the resistance of the transport channel is dominated by the long lateral path in LSMO, we observe an AMR ~ sin(2) as in Fig. 2d . The amplitude of the AMR is partly suppressed due to the contribution to the measured resistance from a signal arising from the transport path in SIO which is non-magnetic at 200 K.
Below 100 K (Fig. 2b) rather an indirect consequence of rotating moments in the exchange-coupled FM LSMO layer which drag the AFM moments in SIO. We point out that we designed our stack with the relatively small thickness of SIO compared to LSMO to maximize the exchange-spring effect of the FM on the AFM. 10,12,13,25 Fig. 4 provides a key evidence for this scenario. We have prepared a control epitaxial stack in which a non-magnetic LaNiO 3 (LNO) metal film of thickness 4 nm is inserted between the SIO and LSMO to break the FM-AFM interlayer exchange coupling. The crystal-quality (Fig. 4b) , magnetization (see Supplementary Information) and resistivities are comparable in the SIO/LNO/LSMO (Fig. 4c) and SIO/LSMO (Fig. 1d) stacks. However, the low-temperature oscillatory AMR signal in the vertical transport geometry (Fig. 4d) resistance. It confirms that the magnetic structure of the SIO layer responds to that of the underlying LSMO layer, and highlights the exchange-spring magnetic coupling between LSMO and SIO. We also point out that, consistently, the magnitude of R(B)/R(0) in SIO is comparable to the magnitude of the corresponding field rotation AMR signal in SIO (compare Fig. 5 and Fig. 3) . Similar experiments to those reported in Fig. 5a ,b have 8 been performed over the entire range of angles 0º <  < 360º. The resulting SIO magnetoresistance sweep map, shown in Fig. 5c . has common as well as some distinct features compared to the SIO rotation AMR map in Fig.   3c which are due to the presence of hysteretic effects within the measured field range.
We point out that the AMR we observe in our semiconductor-AFM is of the order of 1 %. This is a relatively large signal for an Ohmic magnetic device. Moreover, SIO is an easy-plane AFM3 while the electrical current is driven through SIO along the out-of-plane c-axis. This implies that for the in-plane field rotations the "noncrystalline" contribution to the AMR, i.e. the AMR corresponding to the varying angle between magnetic moments and current, does not contribute to our signal in SIO. We are detecting only the typically weaker "crystalline" AMR due to magnetic moment rotation relative to the crystal axes. 26 Still the AMR signal in SIO is comparable to typical non-crystalline Ohmic AMRs in FMs. We also point out that the sizable AMR signal is measured in our proof-of-concept device with a simple geometry and macroscopic contacts which underlines the potential of semiconductor-AFMs for realizing the goal of integrated semiconducting and spintronics functionalities in one material.
The observation of the Ohmic AMR in SIO opens intriguing microscopic physics questions on its origin.
Common theories of the Ohmic AMR in magnetic materials associate the phenomenon with anisotropic scattering induced by the spin-orbit coupling. angles. All measurements in were performed after the field-cooling along θ = 90°.
